Abstract. Subviral particles containing reovirus RNA transcriptase have been isolated from extracts of virus-infected mouse fibroblast cells. The purified particles which lacked the outer protein capsomeres of the mature virion had a buoyant density of 1.43-1.44 g/ml in CsCl and contained all of the double-stranded RNA genome of the intact virus. The particles were free of nuclease activity.
template could be obtained. Completed RNA chains were released from the subviral particles. In the course of RNA synthesis, the double-stranded RNA template was fully conserved. The RNA products formed ill itro displayed profiles in sucrose gradients similar to those found for il vivo reovirus mRNA. The RNA products were single-stranded and did not self-taineal. Over 90 per cent of the transcriptase products could be annealed with template doublestranded RNA. The annealed products migrated in aCrylamide gels as doublestranded R.NA. indicating efficient in vitro transcription.
Introduction. Reovirus RNA transcriptase is an integral component of the mature virus and is carried into the host cell during infection.1 2 The intimate association of the reovirus double-stranded RNA genome with the virion transcriptase provides an efficient mechanism for the in vii.to transcription of early mRNA without the need for host cell polymerases or virus-induced enzymes.'
In the present studies subviral particles containing reovirus RNA traniscriptase have been prepared from reovirus-infected L-cells. The particulate enzyme is highly active and relatively stable, and it synthesizes single-stranded RNA products in. vitro similar to those produced in viVo.4-6 The enzyme appears to be the same as that previously described." 2, [6] [7] [8] In the course of these studies, two other enzyme activities have been found to be associated with such particles (a) a phosphatase which converts nucleoside triphosphates to nucleoside diphosphates and Pi ;9 and Preparation and purification of RNA transcriptase products: A 5-ml reaction mixture containing _Mlg2+ and K+ was incubated for 2 hr, treated with EDTA and bentonite at final concentrations of 10 mM and 0.5%0, respectively, and then centrifuged at 30,000 X g for 20 min to sediment the particles and bentonite. The 3H-RNA products in the supernate were concentrated by ethanol precipitation, dissolved in 20 mM sodium acetate-1 mM EDTA buffer (SE), and passed through Sephadex G-25 (0.9 X 25 cm) in the same buffer.
Sucrose gradients of purified RNA products: A portion of the 3H-RNA preparation was layered on 4.6 ml of a 5-20% sucrose gradient containing 0.1 1A potassium acetate (pH 5.5) and 1 mM EDTA, and centrifuged at 98,000 X g in an SW-39 Spinco rotor for 4.5 hr at 12'C in the Spinco model L ultracentrifuge (13eckman-Spinlco Co., Mountainside, N.J.). Fractions were collected from the bottom of the tube and acid-precipitable radioactivity was determined as described above. Isolation of RNA template: Purified subviral particles were extracted with phenol. RNA in the aqueous phase was precipitated with ethanol, collected after 2 hr at -200C, and dissolved in SE buffer. The double-stranded RNA was purified by chromatography on Whatman CF11 cellulose powder (W. and R. Ralston and Co., Ltd., Enlgland) 15, 16 Acrylamide gel electrophoresis of template RNA: Purified double-stranded RNA was separated electrophoretically for 10 hr in 5% poNolyacrylamide gels (0.6 X 8 cm)
into nine distinct bands as previously described.3' 7 The distribution of radioactive RNA components was determined by slicing the gels into 0.7-mm pieces, extracting the slices with 1 ml of Soluene-100 (Packard Instrument Co., Downers Grove, Ill.) for 18 hr at 500C, and counting in Bray's'8 scintillation solution.
Annealing of template RNA with RNA transcriptase products: The annealing procedure was a modification of that previously described.4 Portions of double-stranded RNA diluted in H20 were heated at 970C for 7 mim followed by rapid cooling in ice.
Aliquots were mixed with given amounts of 3H-single-stranded RNA products and the solution was brought to 300 ml\L NaCl and 5 mM\ K-PO4, pH 7. The solution was heated at 950C for 1 hr and then slowly cooled to 450C over a 7-hr spa11.
Assay for annealing efficiency: Efficiency of annealing was measured by the extent to which single-stranded 3H-RNA was converted to an RNase-resistant form in the presence of 300 mM\ NaCl, a procedure which permits the hydrolysis of single-stranded but not double-stranded RNA.4 The assay mixture inl a final volume of 0.5 ml contained 10 mM Tris-HCl (pH 7.5), aliquots of the annealed RNA product, 5 (Table 1) containing 15,650 cpm in its template double-stranded RNA was layered on CsCl and centrifuged as described in Materials and Methods. Radioactivity was assayed as previously described. Aliquots from each fraction of a separate but similar gradient were assayed for RNA transcriptase; endogenous 3H-double-stranded RNA radioactivity (--), RNA transcriptase (---). treatment partially removed the outer capsomeres of the virus. However, maximal transcriptase activity was expressed only after chymotrypsin treatment. A preparation of fraction 4 labeled with 3H-uridine in its double-stranded RNA template was centrifuged to equilibrium in CsCl; a single radioactive peak with a buoyant density of 1.43 g/ml was observed (Fig. 1) . In a similar gradient an assay for RNA transcriptase activity in each fraction showed a peak at the same buoyant density (Fig. 1) . Electron micrographs (Fig. 2) of the peak fraction revealed that the virus was stripped of its outer capsomeres and resembled particles previously described.2 21'22 Particles of fraction 4 contained 27%,0 RNA compared to 14%o RNA reported for the intact virion. 23 Properties of the reovirus transcriptase: (a) The presence of all four ribonucleoside triphosphates-ATP, CTP, UTP, and GTP-was required for transcriptase activity in fractions 2-4. In addition, neither ribonucleoside diphosphates nor deoxyribonucleoside triphosphates served as substrates. (b) At rate-limiting enzyme concentrations RNA synthesis proceeded linearly for about 1 hr (Fig. 3) . However, the addition of a ribonucleoside triphosphate regenerating system sustained linear kinetics of RNA synthesis for as long as 10 hr (Fig. 3) The polymers tested included reovirus singlestranded RNA product and double-stranded RNA template and the synthetic ribopolymers, poly C, poly A, poly G:C, poly AXU, and poly I:C. (i) RNA transcriptase preparations were examined for nuclease activity by incubating several 3H-labeled RNA polymers including RNA transcriptase products, 3H-poly C, and 28S L-cell 3H-rRNA. Less than 1% of each polymer was rendered acidsoluble after 1 hr at 370C, suggesting that the transcriptase was free of nuclease. However, to preclude the presence of traces of endonuclease, the 28S 3H-rRNA was aralyzed in )-20% sucrose gradients before and after exposure to the enzyme.
In both gradients, all of the radioactivity migrated as a single peak with identical sedimentation coefficieits.
Characterization of the RNA transcriptase products: (1) Sedimentationl ill sucrose gradients: Tritium-labeled RNA transcriptase products, prepared and isolated as described in Materials anld Methods, were analyzed in sucrose gradients (Fig. 4) . Three major RNA peaks with sedimentation coefficients of 24, 19, and 14S were observed which corresponded to the three size classes of singlestranded RNA formed in reovirus-infected cells.5'6 Similar RNA profiles were obtained when Mg2+ and K'+ were replaced by Mn+2 +-and NH.,+, respectively, in the reaction mixture.
After centrifugation over 95% of the particulate enzyme was recovered in the pellet whereas 96% of the RNA product remained in the gradient, indicating that completed strands were released from particle.
(2) Single-strandedness and non self-complementarity of the transcriptase products:
When purified 3H-labeled RNA products were incubated with RNase A (5,4g/ml) \OL. 66, 1970 BIOCHEMISTRY: LEVIN characterized by electrophoresis in a described in Materials and Methods. polyacrylamide gel with carrier doublestranded "4C-RNA as described in Materials and Methods (Fig. 5) . The annealed products displayed essentially the same distribution pattern as the carrier doublestranded I4C-RNA. Two additional 3H-labeled components were also observed; these were not further characterized.
(4) Mechanism of transcription: Table 2 demonstrates that during the course of RNA synthesis 3H-labeled double-stranded RNA was fully conserved. When RNA synthesis took place in the presence of labeled or unlabeled ribonucleoside triphosphates, the template RNA label was neither diluted nor rendered susceptible to hydrolysis by RNase. In other experiments, it was found that template RNA, which could be released from the particles by urea treatment, remained double-stranded in the particle throughout the course of synthesis. Hence the RNase-resistance of template RNA, the RNase-sensitivity of newly synthesized RNA, and the inability of these RNA products to displace template RNA indicated a conservative mechanism of transcription.
Discussion. Reovirus transcriptase is an integral part of the intact virion. The viral genome which serves as a template for the transcriptase is doublestranded RNA23 and comprises 10 distinct segments.5"l7'27 The transcriptase activity is contained within the virion core and can be isolated directly from infected cells as a subviral particle with a buoyant density in CsCl of 1.43-1.44 g/cm3. The purification procedure provides a simple method for the preparation of a relatively stable particulate enzyme in high yield and purity which rapidly synthesizes high molecular weight messenger RNA in vitro. As The transcriptase preparations are free of nuclease activity and produce at least 10 single-stranded RNA species, which separate into three size classes in sucrose density gradients similar to those found in Sio.3 '6 M\ore than 90%o of the RNA products anneal to purified double-stranded RNA. After electrophoresis in polyacrylamide gels, the annealed products display a pattern similar to that of purified double-stranded RNA template, indicating a highly efficient in vitro transcription. These data are in accord with results recently reported by Skehel and Joklik7 for enzyme preparations obtained directly from purified virus preparations after chymotrypsin treatment.
